The problem of fault diagnosis in nonlinear descriptor systems is studied within the scope of analytical redundancy concept. Solution of the problem assumes the checking redundancy relations existing among measured system inputs and outputs. A novel method is proposed for constructing robust redundancy relations on the base of system models described by differential-algebraic equations with polynomial functions whose coefficients may be unknown.
Introduction
An increasing demand on reliability, fault tolerance and safety for critical purpose control systems calls for the use of fault detection and isolation (FDI). Numerous methods have been proposed for FDI within the scope of the analytical redundancy concept [4] . According to this concept, the FDI process includes residual generation as a result of mismatch between the system behaviour and its reference model behaviour, followed by decision making throw evaluation of the residual. Different techniques have been elaborated for solving residual generation problem, see e.g. [1] , [4] , [8] .
As soon as the modelling uncertainty and faults both may act upon the residual, the robustness problem arises. The essence of robust FDI is to make the residual insensitive to uncertainty and, simultaneously, sensitive to faults. There exist three main approaches to solve the robustness problem. The first of them is based on adaptation principle. Its use assumes that the uncertainties represented as unknown constant (or slow varying) coefficients of the reference model are estimated for the reference model tuning [11] . Realization of this approach may cause difficulties if the number of unknown coefficients subjected to estimation is considerable.The second approach is closely allied to full decoupling problem which solutions have been considered in several works [5] , [8] , [17] . All these solutions put no demands on time behaviour of unknown coefficients but are characterized by the existence conditions that impose strict limitation on the acceptable number of above coefficients. The third approach deals with optimization principle. Different criteria have been proposed in the framework of multi-objective optimization problem aimed at achieving the trade-off between low sensitivity of the residual to uncertainty and its high sensitivity to the faults [6] , [9] , [20] . Increasing acceptable number of unknown coefficients, this approach rejects the idea to make the residual insensitive to uncertainty.
An interesting solution of the robust residual generation problem has been proposed in [15] for sensor FDI in stable systems with linear structure. The distinguishing feature of this solution is that it does not use the explicit model: all the matrices of the linear model are assumed to be unknown. Thus, it allows overcoming the limitation of the conventional full decoupling based methods.
Using an idea of this solution, the method was proposed in [17] for constructing the redundancy relations for robust FDI in nonlinear uncertain systems described by differential equations whose right-hand side is polynomial. This method involves nonlinear transformation of the initial system model into strict feedback form and, then, its conversion to input-output description. The redundancy relations are immediately found from the last description. In [19] and [21] this method was extended to time retarded and hybrid systems respectively.
There exists an important class of control systems, known as descriptor or singular systems, which are described by so-called differential-algebraic equations. This class includes such engineering objects as power and chemical reactors, robotic manipulators with holonomic constraints, electrical circuits, etc. Known methods related to FDI in descriptor systems [7] , [10] , [13] , [14] and [22] deal with linear models in the main. In [23] an observerbased method has been proposed for fault estimation in nonlinear descriptor systems, described by perfect models. Also, the useful solutions of the problem have been considered in the recent papers [2] and [16] .
In present paper, redundancy relations based method [18] is extended to nonlinear descriptor systems with parametric uncertainties. The rest of paper is organized as follows. Section 2 considers the main aspects of robust residual generator design. Section 3 deals with the problem of nonlinear descriptor system transformation into strict feedback form. Solution of this problem is of principle for robust redundancy relations design. An example is given in Section 4. Section 5 concludes the paper.
Residual Generator Design

Descriptor System Specification
In present paper, redundancy relations based method is considered for residual generation in descriptor systems specified by differential-algebraic equations of the form
where
is the vector of state, 
Computational Form for Redundancy Relations
such that in transformed coordinates the system (1), (2) takes strict feedback form 
It follows immediately from (6), (8) that ). , ( ) (
Taking (7) and (9) 
and let ( )
holds. According to (13) the matrix ) (
independently of the matrix ) (
and, therefore, independently of the values of unknown coefficients i ϑ .
Computational form for redundancy relations is given by
with the matrix ( )
Decoupling and Fault Detection Conditions
Consider firstly the condition of decoupling with respect to disturbances. 
with ( )
Sufficient condition for decoupling follows immediately from (18) in the form 0 ) (
Condition (19) holds if
Indeed, if (20) is true, the functions , 1 ,
give perfect transformation of (1), (2) to (6), (7) 
Residual Generation
Model Transformation
Nonlinear transformation of the model (1), (2) into strict feedback form (6), (7) makes a basis for redundancy relations constructing. Solution of the model transformation task is split into two stages. At the first stage initial model is reduced to the model described by ordinary differential equations while at the second stage strict feedback form is found.
Preliminary Constructions
. respectively and non-singular square matrices Q and P of appropriate dimensions. Using coordinate transformation
equations (1), (2) are reduced to the form 
where ) (t w u is unknown input vector of dimension r n − .
Transformation into Strict Feedback Form
Taking into account (24)- (27), consider transformation of the system (1), (2) to (6), (7). Let the functions (25)- (27) to (6), (7) and x P x = ρ ) ( . In this case solution of the model transformation task is reduced to the problem of the functions ), (
Following [18] it easily may be shown that the system (25)-(27) admits transformation into strict feedback form (6), (7) if and only if the functions
To take into account additional conditions (20) , (21), it is useful to rewrite them in the form
Equations (29) and (31) 
It follows from construction of the function
Equations (29), (30) and (32) 
is involutive distribution, where
In (35) 
satisfies (36) then end, otherwise take 1 + = k k and go to step 2.
This algorithm is based on finite exhaustion and results in distribution
equality (36) follows immediately from the last relation. According to Frobenius theorem [12] involutive distribution
is integrable, i.e. homogeneous partial differential equation
is solvable for the function ) (i ψ . The way for step-bystep calculating the functions ,
is given by the next algorithm. Algorithm 3.
3. Find the function ) (i ψ from (37). 
under obtaining them at step 3 of algorithm.
Consider now a way for the function φ determination. 
Introduce the function
The function δ is found by distribution δ Λ integrating and, then, the function φ may be found.
Illustrative Example
Let the system under diagnosis is described by equations Then, involving coordinate transformation (24) for 0
, one obtains equations of the form (25) -(27) respectively ) ( ) (
After this, the functions
are obtained from Algorithms 2, 3. According to (28) one In Figure 1 time behaviour of the fault ( 0 ) ( ≠ t w f at time interval 300s -400 s) is given while Figure 2 illustrates time behaviour of the disturbance ( 0 ) ( ≠ t w d at time interval 100s -200 s). It is clear from Figure 3 that the residual is equal to zero for healthy system even if the disturbance presents. But for a case of the fault the residual differs from zero. 
Conclusion
In this paper, a novel method has been proposed for constructing the redundancy relations for robust FDI in nonlinear uncertain descriptor systems. The method involves nonlinear transformation of the initial system model into strict feedback form. Existence conditions for transformation have been formulated and designing algorithms have been developed. Realization of the algorithms needs in fulfilling linear algebra operations, functions differentiation and distributions integration. All these calculations may be supported by symbolic programming systems such as Reduce, Maple, so on.
